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b-nuclear magnetic resonance (NMR) spectroscopy is highly
sensitive compared to conventional NMR spectroscopy, and
may be applied for several elements across the periodic table.
b-NMR has previously been successfully applied in the fields of
nuclear and solid-state physics. In this work, b-NMR is applied,
for the first time, to record an NMR spectrum for a species in
solution. 31Mg b-NMR spectra are measured for as few as 107
magnesium ions in ionic liquid (EMIM-Ac) within minutes, as
a prototypical test case. Resonances are observed at 3882.9
and 3887.2 kHz in an external field of 0.3 T. The key achieve-
ment of the current work is to demonstrate that b-NMR is ap-
plicable for the analysis of species in solution, and thus repre-
sents a novel spectroscopic technique for use in general
chemistry and potentially in biochemistry.
Nuclear magnetic resonance (NMR) spectroscopy is currently
the most versatile spectroscopic technique for the characteri-
zation of molecular structure and dynamics in solution. Howev-
er, the main limitation of NMR is sensitivity, as >0.1 mm con-
centrations (or >1016 of probe nuclei) are typically required. In
addition, NMR spectroscopy depends on the availability of iso-
topes of a given element with appropriate nuclear properties,
and is most straightforwardly applied to nuclei with spin=1/2,
that is, not all elements may be interrogated. To address the
issue of sensitivity, dynamic nuclear polarization (DNP) has
been utilized, enhancing the sensitivity substantially by trans-
fer of polarization from unpaired electrons in an added radi-
cal.[1, 2] Similarly, NMR techniques that allow for the observation
of as few as hundreds of nuclear spins in volumes as small as
a few cubic nanometers have recently been developed,[3,4] and
even a single proton in a nuclear physics experiment, provid-
ing a high precision value of the proton magnetic moment.[5]
In this work, we present the first application of a complementa-
ry NMR technique, b-NMR spectroscopy,[6] to an ionic-liquid so-
lution containing Mg2+ ions. The particular advantages of b-
NMR are extreme sensitivity and access to elements that are
difficult to detect in solution by using conventional NMR, such
as Mg and potentially Cu.
The two most prominent differences between conventional
NMR and b-NMR spectroscopy are 1) that the nuclei are polar-
ized prior to implantation into the sample in b-NMR and 2) the
manner in which resonances are detected. b-NMR relies on the
detection of b-particles from the decay of radioactive nuclei,
and thus benefits from the high sensitivity of radiotracer ex-
periments. Initially, an ion beam of spin-polarized nuclei is im-
planted into the material of interest. As the direction of emis-
sion of the b-particles depends on the nuclear spin direction,
the b-particles are emitted anisotropically.[7] In analogy to con-
ventional NMR spectroscopy, the probe nuclei in the system of
interest are placed in an external magnetic field and exposed
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to radio-frequency electromagnetic radiation. At the resonance
frequency, transitions between magnetic sub-states occur,
giving rise to a loss of nuclear spin polarization and, thus, loss
of anisotropy in the b-particle emission. Over recent decades,
b-NMR spectroscopy has successfully been applied under high-
vacuum conditions in nuclear physics to measure nuclear
spins, magnetic dipole moments, and electric quadrupole mo-
ments,[8–11] as well as in solid-state physics for studying radia-
tion damage,[12] location of impurities in semiconductors,[13,14]
and the diffusion and magnetic properties of thin films.[15,16]
The properties recorded in solid-state applications are essen-
tially the same as those of interest in solution, that is, chemical
shifts or relaxation times. b-NMR experiments on non-crystal-
line materials have previously been used for samples such as
liquid alloys,[12] liquid neon,[17] glasses, and the glass transition
of hydrated LiCl,[18] but no NMR spectrum has been recorded
for species in solution. This is presumably because of technical
obstacles, most notably 1) the challenge of having a liquid
sample/vacuum interface, 2) possible beam attenuation or loss
of spin polarization through collisions with gas-phase mole-
cules that are present above the sample, dictated by the vapor
pressure of the liquid, or in the liquid, and 3) whether the spin-
polarized ions will bind fast enough (within the lifetime of the
radionuclide) to the relevant binding site in solution at low
concentrations.
In this work, we present the application of 31Mg (T1=2=
230 ms, I=1/2)[9,10] b-NMR spectroscopy to magnesium ions in
ionic-liquid solution as a proof-of-principle, using a novel pro-
totype on-line setup specifically designed for liquid samples at
the CERN-ISOLDE facility. The results indicate that even aque-
ous solutions can be explored with b-NMR, broadening the
scope from chemistal to biochemical applications.
Ionic liquid 1-ethyl-3-methyl-imidazolium acetate (EMIM-Ac)
was selected as the solvent, primarily because of its exceeding-
ly low vapor pressure. In addition, with acetate as the anion, it
is expected to form oxygen-rich first-coordination spheres for
the magnesium ions. Additionally, the use of ionic liquids as al-
ternative solvents to water has advanced significantly over the
past two decades,[19] that is, the properties of these solvents
for example for organic synthesis and the coordination chemis-
try of metal ions, often used as catalysts, are of increasing and
general interest. 31Mg was selected as radioisotope for the b-
NMR experiments because spin-polarized 31Mg+ beams can be
produced at sufficient yield,[10] the nuclear decay is suitable,
and 31Mg has I=1/2 and will, therefore, only display magnetic
interactions. In contrast, conventional NMR on magnesium is
complex, because the only stable spin-bearing isotope, 25Mg,
has a modest magnetic moment and is a quadrupolar nuclide
(I=5/2). Furthermore, Mg2+ is spectroscopically silent in most
standard spectroscopic techniques, as it is a closed-shell ion.
Finally, Mg2+ is essential in biochemistry, where it is involved
in phosphate chemistry and in photosynthesis as an integral
component of chlorophyll.[20] Thus, a novel technique could
significantly advance the elucidation of magnesium coordina-
tion chemistry and biochemistry.
As the ionic liquid has a very low vapor pressure it was pos-
sible to systematically investigate the beam transmission from
the production site to the sample by introducing He gas in the
sample chamber to create different levels of pressure, see
Figure 1.&&ok?&&
The transmission of a 50 keV beam of 39K+ through the He
gas was recorded. 39K+ was used to probe the transmission,
because the radioactive 31Mg+ beam time is very precious and
39K is a stable isotope with comparable mass. Clearly, the beam
transmission decreases significantly above pressures of approx-
imately 0.1 mbar. With improvements to the experimental
design, it should be possible to advance into a range (ca.
mbar) where water may be used as the solvent, which is the
ultimate goal for applications in both chemistry and biochem-
istry. By simple geometric arguments, we estimate that
a minor fraction (ca. 20%) of the beam was deposited in the
aluminum pipe, constituting the last part of a differential
pumping system, see Figure 2B. This is corroborated by the
fact that b-particles from 31Mg were recorded even when no
sample was present in the chamber, that is, under conditions
where the beam should just pass through, potentially giving
rise to a b-NMR resonance from 31Mg deposited in the alumi-
num, vide infra. Beam transmission in itself, however, is only
a necessary prerequisite for b-NMR experiments, where the nu-
clear spin polarization must also be preserved. This was
probed by using a 61 keV beam of 31Mg+ implanted into
a MgO single crystal as well as into the ionic liquid, and the b-
asymmetry was recorded as a function of the He gas pressure
in the chamber, see Figure 1. In both cases, the asymmetry de-
creases in the same pressure range as the beam transmission,
indicating that spin polarization is indeed preserved to a signifi-
cant extent during the passage of He gas. A priori, it cannot
be excluded that spin polarization is lost during implantation
into the liquid, although this is not the case in the solid
state.[11] The data in Figure 1 demonstrate that spin polariza-
tion persists in the liquid, long enough for the b-asymmetry to
be recorded. The data display an additional interesting feature,
namely the fact that the observed asymmetry in the ionic
liquid is even larger than in the MgO crystal. This implies that
the spin-lattice relaxation time, T1, is longer in the ionic liquid
than in the MgO crystal. An attempt to determine T1 in the
ionic liquid revealed that it was longer than the lifetime of the
Figure 1. Right) 39K+ beam transmission through He gas at varying pressures
(^). Left) b-asymmetry of 31Mg+ implanted into a MgO single crystal (~) or
into ionic liquid EMIM-Ac (! ).
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radioisotope (230 ms), that is, 31Mg decayed before spin polari-
zation was lost.
The beam of monovalent 31Mg+ is assumed to be rapidly
oxidized to the stable oxidation state, Mg2+ , once it is implant-
ed into the ionic liquid solution. The 31Mg+ beam has an
energy of 61 keV, which is low from a nuclear physics perspec-
tive, but high from a chemical viewpoint. The implantation of
these high-energy 31Mg+ radicals may give rise to the forma-
tion of transient radical species, potentially leading to rapid de-
polarization of the nuclear spin, and thus a lost fraction of
signal in the b-NMR experiment. However, it is assumed that
such reactions occur on a time scale much shorter than the
lifetime of 31Mg and, therefore, that any remaining signals after
implantation reflect the coordination chemistry of Mg2+ .
In Figure 2A, the b-NMR spectrum of 31Mg+ implanted into
the ionic liquid is displayed, illustrating that two resonances
are observed. Moreover, the b-asymmetry increases significant-
ly upon the introduction of the ionic liquid into the sample
chamber, see Figure 1 and S1, demonstrating that at least part
of the NMR signal arises from 31Mg implanted into the ionic
liquid. These observations provide the qualitative proof-of-prin-
ciple that b-NMR spectroscopy may be applied to species in
solution. The two observed resonances imply that the magne-
sium nuclei experience two different binding sites with differ-
ent shielding. The spectrum was recorded twice, and it was re-
producible. The difference in resonance frequency between
the two signals corresponds to a chemical shift of approxi-
mately 1300 ppm, which is far beyond the usual range of
chemical shifts of about 200 ppm observed for Mg2+-contain-
ing compounds when using conventional 25Mg NMR spectros-
copy.[21] However, it is well established that the Knight shift,
owing to polarization of conduction electrons in metals, is typi-
cally of the order of 1000 ppm; it is also reported to range
from 990 to 1750 ppm, specifically for 25Mg in Mg metal as
well as in alloys of Mg and Al.[22] This correlates well with the
discussion concerning the loss of beam in the aluminum pipe,
vide supra, indicating that a fraction of 31Mg+ is deposited in
the aluminum. The Knight shift gives rise to an up-field shift,
corresponding to a higher resonance frequency, and thus rep-
resents the resonance at 3887.8(2) kHz. This may be considered
to be an artifact of the current measurements, but could also
be exploited as an internal chemical-shift reference, which
gives a resonance conveniently far from the range where
chemically and biochemically interesting resonances are ob-
served; therefore, no serious overlap of signals will occur. The
other resonance is then found in the same range as that ob-
served for Mg2+-containing compounds in conventional NMR
spectroscopy,[21] that is, within approximately 100 ppm of an
11m MgCl2 reference, presumably reflecting the coordination
of the carboxylates in the ionic-liquid anion.
To complement the analysis of the b-NMR experiments, con-
ventional 25Mg NMR experiments were conducted on a similar
sample, although with a much higher Mg2+ concentration, see
Figure S3. A single resonance was observed at 10 ppm with re-
spect to 11m MgCl2. Attempts to detect other resonances
within 1500 ppm were carried out, but none were observed,
supporting the above interpretation of the b-NMR resonances.
In summary, we present the first application of b-NMR to
record an NMR spectrum of a species in solution. The main ad-
vantage of this technique is the extreme sensitivity and, from
a general chemistry perspective, the fact that several isotopes
that can be spin-polarized are accessible at radioactive ion-
beam facilities worldwide. A limiting factor is that the spin-po-
larized ions are required to bind to the binding site of interest
within the lifetime of the radioisotope, that is, typically within
0.1–1 s after implantation into the liquid. Thus, an obvious ap-
plications lie in the coordination chemistry and biochemistry
of metal ions, which display modest-to-fast ligand-exchange
reactions, and this is indeed the case for most biologically rele-
vant metal ions. From a biochemical perspective, the interac-
tion of essential metal ions, which are spectroscopically silent
in most techniques, such as Na+ , Mg2+ , K+ , Ca2+ , Cu+ , and
Zn2+ , with biological macromolecules at physiologically rele-
vant concentrations, may be explored, opening new avenues
of research in the fields of metal-ion transport, nucleic acids, as
well as redox-active and catalytic metalloproteins.
Experimental Section
b-NMR Spectroscopy
The sample used for b-NMR spectroscopy was prepared by dissolv-
ing Mg(Ac)2·4H2O (32.17 mg; purchased from Sigma–Aldrich; 99%
Figure 2. A) b-NMR spectrum of 31Mg+ implanted into ionic liquid EMIM-Ac
in an external magnetic field of 0.3 T. Experimental data points are shown
with error bars, and the fit is displayed as a full line. B) The core of the ex-
perimental setup, showing the aluminum pipe (part of a differential pump-
ing system), the RF coils, the system for liquid feed-through, and the MgO
single crystal. C) Simplified sketch of the experimental setup, including the
incoming nuclear spin-polarized 31Mg+ ion beam, the b-particle scintillation
detectors, and the NMR magnet.
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purity, M=214.46 gmol1) in 1-ethyl-3-methyl-imidazolium acetate
(7.5 mL; purchased from Sigma–Aldrich; 97% purity), leading to
a final concentration of Mg2+ of 20 mm. In experiments where only
trace amounts of radioactive isotopes are used, even a small
amount of high-affinity binding sites at surfaces, for example, can
affect the results. This is not expected to occur for Mg2+ , but, to
eliminate this potential systematic error, we added non-radioactive
magnesium. The sample was placed under vacuum 2 h prior to the
b-NMR experiment to avoid changes during the experiment.
During transfer of the sample to the beam line, it was exposed to
air for some minutes.
The beam of 31Mg+ nuclei were produced at ISOLDE at CERN, and
polarized “on-line” through interactions with a collinear circularly
polarized laser beam. The laser-induced electron polarization was
transferred to the nuclei through the hyperfine interaction, leading
to 20–50% nuclear polarization. The polarized beam was implant-
ed in the liquid host after passing through a differential pumping
section. The experimental setup applied in this work was that of
the COLLAPS collaboration at ISOLDE–CERN,[10] equipped with
a novel differential pumping system and a sample chamber that
are described elsewhere.&&Reference required&& The data in
Figure 2 were fitted with two Gaussian peak profiles. The common
width and the individual peak intensities and positions were left
open in the fit. At ISOLDE–CERN, 104 optically polarized 31Mg+ ions
were implanted per second into a solution of 20 mm Mg(Ac)2 in 1-
ethyl-3-methyl-imidazolium acetate (EMIM-Ac).
NMR Spectroscopy
The sample used for conventional 25Mg NMR spectroscopy was
prepared by dissolving Mg(Ac)2·4H2O (71.79 mg) in 1-ethyl-3-
methyl-imidazolium acetate (1.19381 g, corresponding to
1.162 mL; 1=1.027 gmL1), leading to a final concentration of
Mg2+ of 288 mm. Liquid-state NMR spectra were recorded on
a Bruker Avance DRX-500 (11.7 T) spectrometer, operating at
Larmor frequencies of 500.13 and 30.62 MHz for 1H and 25Mg, re-
spectively. All spectra were recorded in a double-tuned BBI probe
equipped for 5 mm (o.d.) sample tubes. The 1H NMR spectra were
recorded by a single-pulse experiment, using a recycle delay of 5 s,
8 scans, a spectral width of 50 kHz, and an acquisition time of
0.328 s. The 25Mg NMR spectra were recorded by using a spin-echo
experiment with a delay of 500 ms, 16384 scans, a recycle delay of
1 s, a spectral width of 100 kHz, and an acquisition time of 0.164 s.
Experiments were performed at temperatures of 25, 40, 50, 60, and
70 8C. Subsequently spectra were apodized by Lorentzian-line
broadenings of 0.3 and 10 Hz for 1H and 25Mg, respectively, prior to
Fourier transformation. 1H NMR spectra were referenced to the
methyl resonance at 0.824 ppm, whereas 25Mg spectra were refer-
enced to an external sample of 11m Mg(Cl)2 in D2O.
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Billion-Fold Enhancement in
Sensitivity of Nuclear Magnetic
Resonance Spectroscopy for
Magnesium Ions in Solution
Powerful attraction: 31Mg b-NMR spec-
tra are measured for as few as 107 mag-
nesium ions in ionic liquid (EMIM-Ac)
within minutes, as a prototypical test
case, in an external field of 0.3 T (left).
The experimental setup (right) includes
an incoming nuclear-spin-polarized
31Mg+ ion beam, a sample (indicated as
a drop), b-particle scintillation detectors,
and an NMR magnet.
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